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The western continental margin of India is one of the highly productive regions in the global ocean.
Primary productivity is induced by upwelling and convective mixing during the southwest and northeast
monsoons respectively. Realizing the importance of high primary productivity, a sediment core was
collected below the current oxygen minimum zone (OMZ) from the southwestern continental margin of
India. This was dated by AMS radiocarbon and as many as 60 paleoclimate/paceoceanographic proxies,
such as particle size, biogenic components, major, trace and rare earth elements (REEs) which were
measured for the ﬁrst time to determine sources of sediment, biogeochemical processes operating in the
water column and their variations since the last glacial cycle. R-mode factor analysis of comprehensive
data indicates that the dominant regulator of paleoproductivity is the southwest monsoon wind induced
upwelling. Other paleoproductivity related factors identiﬁed are the marine biogenic component and
biogenic detritus (as an exported component from the water column added to the bottom sediment). All
paleoproductivity components increased signiﬁcantly during the marine isotope stage-1 (MIS-1)
compared to those accumulated from MIS-4 to MIS-2. The second group of factors identiﬁed are the
terrigenous sediments with heavy minerals like zircon and ilmenite. The terrigenous sediment, in
particular, increased during MIS-2 when the sea-level was lower; however, the heavy mineral compo-
nent ﬂuctuated over time implying pulsed inputs of sediment. The diagenetic fraction and reducing
component are the third group of factors identiﬁed which varied with time with increased accumulation
during the MIS transitions.
The primary productivity along the southwestern continental margin of India seems to have been
controlled principally by the upwelling during the southwest monsoon season that was weaker from
MIS-4 to MIS-2, as relative to that during the MIS-1. In contrast, increased glacial productivity noticed in
sediments deposited below the current oxygen minimum zone (OMZ) along the north of the study area
that can be linked to entrainment of nutrients through the intensiﬁed convective mixing of surface water
during the northeast monsoon. The sequestration of greenhouse gases by the western continental
margin of India was higher during glacial than interglacial cycles.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Marine sediments provide information about paleoceano-
graphic processes and associated climate changes, such as ﬂuctu-
ations in the wind intensity and direction, ﬂuvial sediment input,h@ncaor.gov.in (K. Avinash).
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c-nd/4.0/).and biogeochemical processes operating in the water and sedi-
mentary columns (Duplessy, 1982; German and Elderﬁeld, 1990;
deMenocal et al., 1993; Rea, 1994; Tiedemann et al., 1994; Pattan
and Pearce, 2009). For a better understanding of paleoceano-
graphic and paleo-environmental conditions, measurements of
geochemical and sedimentological parameters, followed by isotope
dating are necessary (Vigliotti et al., 1999; Robinson et al., 2000;
Larrasoaña et al., 2003). Another important aspect of studying
sediment geochemistry is to unravel the complex processes oper-
ating in the water column, sediment digenesis and post-digeneticction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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Rey et al., 2005).
Trace elements such as Cu, Ni and Zn are usually associated with
organic matter and may be retained with the pyrite after the
oxidation of organic matter, particularly in suboxic conditions
(Calvert and Pedersen, 1993). Certain elements, e.g., V, Mo, Re, etc.,
are enriched in sediments deposited under sub-oxic conditions,
and strongly enriched in anoxiceeuxinic conditions (Crusius et al.,
1996; Böning et al., 2004; Brumsack, 2006). Uranium and particu-
larly Mo tend to be enriched in organic matter under anoxic, sul-
phate-reducing conditions (Bruland, 1980; Crusius et al., 1996;
McManus et al., 2006; Tribovillard et al., 2006). In contrast to U,
Mo and Re, the distribution of Mn in marine sediment is strongly
dependent on redox conditions (Calvert and Pedersen, 1993;
Böning et al., 2004; Tribovillard et al., 2006). Therefore, authi-
genic enrichment/depletion of redox sensitive trace metals are thus
useful for distinguishing the sedimentary depositional environ-
ments (Calvert and Pedersen, 1993; Böning et al., 2004; Brumsack,
2006; Tribovillard et al., 2006; McKay et al., 2007).
The Arabian Sea is an important biogeochemical region in the
global ocean because of the dominance of upwelling during
southwest (summer) monsoon and convective overturning of wa-
ter mass during northeast (winter) monsoon (Duplessy, 1982;
Naqvi et al., 1982; Madhupratap et al., 1996; Muraleedharan and
Prasanna Kumar, 1996; Ducklow, 2003; Luis and Kawamura,
2004). The biannual reversal of wind patterns over the Arabian
Sea drive surface water circulations. During the summer, lower
tropospheric wind blowing from northeast Africa over the Arabian
Sea (Findlater Jet) induces upwelling off Somalia, Oman and the
southwest coast of India (Muraleedharan and Prasanna Kumar,
1996; Luis and Kawamura, 2004). Open ocean upwelling also
takes place during the southwest monsoon season, which is
particularly intense off Kochi (w10N), and decreases towards the
northern part of the western continental margin of India (w13N;
Muraleedharan and Prasanna Kumar, 1996). Recentsatellite remote
sensing studies showed that chlorophyll-a tends to be higher in the
open ocean sector during the southwest monsoon (w8 to 9N;
Jayaram et al., 2010, 2013).
The sub-surfacewater (between 200 and 1500m) of the Arabian
Sea is characterized by the severe depletion of dissolved oxygen,
which is known popularly as the oxygenminimum zone (OMZ) that
exists in the greater part of the Arabian Sea (Wyrtki, 1971; Sen
Gupta and Naqvi, 1984; Calvert et al., 1995; Ingole et al., 2010;
Taylor and Gooday, 2014). Numerous studies have been carried
out to understand the paleoproductivity ﬂuctuations in different
regions of the Arabian Sea, such as in the northwestern and
northeastern continental margins and in the deep Arabian Sea (Van
Campo et al., 1982; Clemens and Prell, 1990; Shimmield et al., 1990;
Shimmield and Mowbray, 1991; Prell et al., 1992; Sirocko et al.,
1996, 2000; Reichart et al., 1997; Schulz et al., 1998; von Rad
et al., 1999; Schnetger et al., 2000).
Paleoproductivity in the major part of the western continental
margin of India seems to have been controlled by the northeast
monsoon, particularly during the last glacial cycles (MIS-2 to MIS-
4) as compared to the present interglacial one (MIS-1; Sarkar et al.,
1993; Thamban et al., 2001; Banakar et al., 2005; Kessarkar and Rao,
2007; Kessarkar et al., 2010; Singh et al., 2011; Ishfaq et al., 2013). In
contrast, the paleoproductivity scenario was found to have been
different in the southeastern continental margin during the late
Quaternary as there is fragmented and conﬂicting information
(Sarkar et al., 1993, 2000; Pattan et al., 2001, 2003, 2005; Verma and
Sudhakar, 2006; Narayana et al., 2009; Das et al., 2013). For
instance, Pattan et al. (2001) traced the occurrence of the youngest
Toba volcanic ash layer in a sediment core collected from the
southwestern continental margin of India at 2300 m water depth.Further investigation of this core indicates that the paleo-
productivity was considerably higher during the interglacials than
that during the inter glacials (Pattan et al., 2003). However, it was
later found that the rate of chemical weathering and terrigenous
sediment input was higher during the glacial than the interglacial
period (Pattan et al., 2005). This was particularly based on higher Al
content and mass sediment accumulation rates for the glacial
compared to the interglacial sequence ((4.51  0.47)%, 0.105 g cm2/
ka and (3.61  0.58)%, 0.084 g cm2/ka, respectively; Pattan et al.,
2005). In support of this, Narayana et al. (2009) found an
increased input of terrigenous sediment during the glacial period.
Further measurements of utility of redox sensitive elements in the
same core (Pattan et al., 2005) indicated that the sediment
deposited during MIS-1, MIS-3, MIS-4 and MIS-5 was nearer to oxic
conditions (Pattan et al., 2005; Fig. 5a, c and e) than reducing
conditions during the glacial periods (Pattan and Pearce, 2009).
This interpretation is also in consensus with the geochemical and
isotopic study carried out near the area of investigation (Sarkar
et al., 1993). In contrast, the considerable increase in the sedi-
mentation rate along with the higher content of organic carbon and
the increased silicic fraction in sediment deposited along the
southwestern continental margin of India is attributed to the
intense southwest monsoon during the Holocene (Verma and
Sudhakar, 2006). Similarly, a signiﬁcant increase in the clay min-
eral content in the southeastern continental margin sediment is
explained by the increase in ﬂuvial activity in the hinterland of the
study area as a result of the intensiﬁcation of southwest monsoon
during the Holocene (Das et al., 2013).
In this paper, we present for the ﬁrst time comprehensive par-
ticle size, major, minor, trace and rare earth element data of a
sediment core collected below the present OMZ from the south-
eastern continental margin of India, in order to provide a holistic
view for the purpose of understanding the ﬂuctuations of primary
productivity, upwelling, and terrigenous input as well as diagenetic
changes since the beginning of the last glacial cycle. An attempt on
regional comparison is also made to understand the processes
inﬂuencing productivity.
2. Material and methods
A gravity sediment core (3.28 m) was collected from the
southwestern continental margin of India at 2700 m water depth
(latitude 9003200N and longitude 72503200E) during the Sagar
Kanya cruise (SK221/05; Fig. 1). The sediment core was sub-
sampled onboard at 1 cm intervals for the top 1 m and at 2 cm
intervals for the remaining part of the core. As the total number of
sub-samples of the core amount to 214, magnetic susceptibility
(MS; data not presented here) wasmeasured for all samples. On the
basis of down core distribution of MS against the age of the core, 50
samples were selected for the measurements of particle size, major
and trace elements including rare earth elements.
About 30 mg of ﬁnely powdered sub-samples were digested
with 48% V/V HF, HNO3 and HClO4 (supra-pure grade reagents) in
the ratio of 6:3:1 respectively (Johnson and Maxwell, 1981). This
was re-dissolved by adding 10 mL 1:1 HNO3 solution. The dissolved
solutionwasmade up to 50mL by usingMilliQ deionisedwater. The
digested samples were analysed by ICP-MS (Thermo Elemental X-7
Series) equipped with a collision cell. Continuous calibrations were
monitored with standard and blank solutions during the course of
measurements. In order to monitor the accuracy of the measure-
ment of elements, an international reference material- NIST was
repeatedly digested and measured along with samples. The errors
of analysis were found to be <5% for elements measured. The total
organic carbon (TOC) was measured after removing carbonates in
sediment samples upon treatment with 2 M HCl and measured by
Figure 1. Location map of the core along with bathymetry of the study area.
K. Avinash et al. / Geoscience Frontiers 6 (2015) 913e925 915using a total organic carbon analyzer (TOC-V Series SSM-5000A,
Shimadzu).
Particle size distribution in sediment samples was determined
by using a laser particle size analyzer (Beckman Coulter LS 13 320).
The measurements were made after repeated treatment of sedi-
ment samples with H2O2 and 10% acetic acid to remove organic
matter and biogenic carbonate respectively, followed by the
disaggregation of particles with sodium hexametaphosphate
(NaPO3)6 treatment and ultrasonic bath dispersion (Ru, 2000).
Selected species of planktonic foraminifera (Globigerinoides
sacculifer; size range 250e500mm) extracted from six sub-sections
of the core have been dated by AMS radiocarbon at the NSF accel-
eratormass spectrometer (AMS) facility at the University of Arizona,
USA. AMS radiocarbon ages have been converted to calendar ages
by using the calibration program Calib 6.0.1 (INTCAL09 and Marine
09 curves, Reimer et al., 2009) by applying a reservoir age correction
of 563  30 yrs (DR ¼ 163  30; Dutta et al., 2001; Southon et al.,
2002). An average of the calibrated ages, i.e., 10,965  222 yrs BP,
has been used for the ageedepth model. The errors have been
calculated using the standard error propagation technique. Since
the core is from the open ocean, CaCO3 is the major component in
sediment that dilutes non-biogenic elements. Therefore, data of
elements measured have been recalculated on a carbonate-free-
basis (Boström et al., 1973; Shankar et al., 1987). Further, R-mode
factor analysis has beenperformed on the data to identify sources of
sediment by using the statistical package (SPSS-16). Factor analysis,Table 1
Uncalibrated and calibrated 14C ages of selected species of Globigerinoides sacculifer siz
determined at the NSF accelerator mass spectrometer (AMS) facility, University of Arizon
Depth interval in the core (cm) aLab. code 14CBP Calibra
0e1 AA97383 3272  38 2817e
41e42 AA97385 12,104  62 13,292
78e79 AA97386 22,040  150 25,453
99e100 AA97387 28,340  290 31,506
162e164 AA97389 31,100  430 34,662
194e196 AA97390 33,430  540 37,396
a AMS laboratory at University of Arizona, USA.in particular, greatly reduces the repetition of interpretation into
smaller number factors. The procedure adopted here involves
standardisation of data, computation of principal factor matrix and
its varimax rotation. Here, factors considered signiﬁcant are those
whose Eigen values are more than one.
3. Results and discussion
The ageesediment depthmodel for the top 100 cm of the core is
based on radiocarbon dates of sediment samples (Table 1; Fig. 2).
Beyond 1 m, the chronology was acquisitioned by the d18O stra-
tigraphy of a nearby core and the SPECMAP data (Pattan et al., 2005;
Thompson and Goldstein, 2006). The marine isotope stage (MIS)
boundaries of the core have been demarcated as per the recent and
most widely used data (Lisiecki and Raymo, 2005). The sedimen-
tation rates of the core were estimated by the age of sediment and
thickness of sedimentary column. It varies from 0.39 to 7.3 cm/ka
with an averagew3 cm/kawhich are quite similar to that found in a
typical continental margin (Van Campo et al., 1982; Clemens and
Prell, 1990; Shimmield et al., 1990; Shimmield and Mowbray,
1991; Prell et al., 1992; Sarkar et al., 1993; Sirocko et al., 1996,
2000; Schulz et al., 1998; von Rad et al., 1999; Thamban et al.,
2001; Banakar et al., 2005; Kessarkar and Rao, 2007; Kessarkar
et al., 2010; Singh et al., 2011; Ishfaq et al., 2013). From similar
sediment accumulation data, various palaeoclimatic inferences
have been drawn by many investigators, for instance, determininge fractions (250e500 mm) in the sediment core SK221/05. These ages have been
a, USA.







Figure 2. Age vs. depth relationship of the sediment core e SK 221/05: (a) the upper 195 cm of the core is based on calibrated 14C ages. Sedimentation rates estimated at different
depth intervals deduced from thickness of the sediment core section as well as 14C age of the sampling interval. (b) Distribution of biogenic components of the core along with the
d18O stratigraphy of the nearest core (Pattan et al., 2005) and the SPECMAP (Thompson and Goldstein, 2006) along with global sea-level ﬂuctuations (Thompson and Goldstein,
2006). Dashed lines indicate the AMS calibrated 14C ages of different sections of the core whereas the dotted lines are the reconstructed age based on excursion of proxies. The
marine isotopic stages of the core are demarcated alternating grey and colourless horizontal bars (Lisiecki and Raymo, 2005) and Toba ash layer by solid line (Pattan et al., 2001).
K. Avinash et al. / Geoscience Frontiers 6 (2015) 913e925916temperature, precipitation, salinity, rate of weathering, trace ele-
ments indicators of primary productivity, redox and conditions
(Calvert and Pedersen, 1993; Sarkar et al., 2000; Agnihotri et al.,
2003a,b; Böning et al., 2004; Tribovillard et al., 2006; Kessarkarand Rao, 2007; Kessarkar et al., 2010; Singh et al., 2011; Ishfaq
et al., 2013). Nevertheless, this may not be a limitation in our
study for delineating productivity variations from glacial to inter-
glacial period.
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stratigraphic horizon/age of the core instead of depth in the sedi-
mentary column. Numerous investigators followed the same
method (Thamban et al., 2001; Pattan et al., 2001, 2003, 2005,
2009; Banakar et al., 2005; Singh et al., 2006, 2011; Narayana et al.,
2009; Kessarkar et al., 2010; Ishfaq et al., 2013; Naidu et al., 2014).
All parameters measured in the sediment core have been plotted
against time (Fig. 3). To avoid the repetition of the interpretation of
a large number of variables, R-mode factor analysis has been per-
formed. The factor analysis also greatly reduces repetitions of
interpretation of a large number of parameters/variables into a
smaller number of factors which are interrelated and statistically
signiﬁcant (SPSS, 1997). Therefore, this method is applied to data
reduction in both the ﬁelds of science and humanities/social
sciences.
The down-core distributions of geochemical particle size data of
the core are plotted as Fig. 3. R-mode factor analysis indicates that
there are nine factors explaining 88% of variance in the dataFigure 3. Depth-wise distributions of elements(Table 2). The relative importance of each factor explained as the
percentage of variance is also given the in Table 2. The down-core
distributions of factor scores against time elapsed are shown in
Fig. 4.
3.1. Factor-1
This factor has high positive loadings for almost all REEs, bio-
geochemically important elements like Ba, Sr, trace elements, such
as Cu, Ni, Zn, Co and Mn, and moderately high positive loadings
with Mg, Nb, Be, Bi, Li and Te including TOC and CaCO3. However,
elements representing lithogenic sediment, for example Al, Fe, Ti,
Rb, Mg, Y, Zr and Th, are statistically insigniﬁcantly loaded. Based on
the afﬁnity of TOC with other biogenic components, associated
trace elements and REEs, Factor-1 is identiﬁed as the
paleoproductivity.
At present, the maximum primary productivity in the study
region occurs particularly during the southwest monsoon season(on c.f.b.) and particle size data of the core.
Table 2
Varimax rotated matrix of geochemical and particle size distribution data.
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 Factor 8 Factor 9
Al (%) 0.17 0.31 0.05 0.53 0.24 0.46 0.32 0.14 0.02
Fe (%) 0.01 0.9 0.11 0.13 0.18 0.18 0.06 0.03 0.07
Ti (%) 0.04 0.72 0.1 0.28 0.14 0.01 0.23 0.01 0.15
Rb 0.02 0.92 0.06 0.22 0.11 0.14 0.03 0.04 0.17
Mg (%) 0.34 0.87 0.01 0.19 0.17 0.16 0.15 0.08 0
Y 0.05 0.07 0.05 0.81 0.2 0.13 0.06 0.03 0.17
Zr 0.08 0.24 0.17 0 0.09 0.26 0.65 0.1 0.02
Nb 0.28 0.92 0 0.08 0.07 0.13 0.02 0.07 0.03
Be 0.3 0.84 0.03 0.16 0.08 0.1 0.03 0.12 0.08
Ta 0.08 0.11 0.07 0.02 0.15 0.21 0.78 0.01 0.02
W 0.15 0.42 0.08 0.26 0.24 0.12 0.51 0.25 0.01
Tl 0.04 0.01 0.05 0.24 0.83 0.21 0.15 0.18 0.04
Pb 0.21 0.15 0.14 0.08 0.1 0 0.09 0.86 0.15
Bi 0.42 0.28 0.06 0.37 0.51 0.29 0.34 0.12 0.03
Th 0.12 0.17 0.13 0.61 0.39 0.4 0.2 0.18 0.29
Li 0.38 0.86 0.05 0.09 0.1 0.01 0.05 0.03 0.04
Te 0.29 0.02 0.09 0.15 0.12 0.09 0.09 0.16 0.78
Cs 0.15 0.86 0.03 0.16 0.23 0.26 0.09 0.11 0.15
La 0.78 0.57 0.09 0.05 0.01 0.03 0.02 0.05 0
Ce 0.06 0.11 0.17 0.02 0.05 0.09 0.8 0.03 0.07
Pr 0.68 0.7 0.09 0.01 0.04 0.06 0.02 0.02 0.01
Nd 0.71 0.66 0.06 0.04 0.04 0.06 0.08 0.02 0.02
Sm 0.76 0.58 0.09 0.01 0.09 0.01 0.02 0.1 0.03
Eu 0.89 0.21 0.11 0.17 0.01 0.11 0 0.15 0.1
Gd 0.89 0.4 0.1 0.04 0.01 0.02 0.03 0.06 0.02
Tb 0.89 0.33 0.09 0.01 0.08 0.08 0.12 0.05 0.01
Dy 0.87 0.26 0.17 0.09 0.11 0.14 0.07 0.07 0.1
Ho 0.77 0.17 0.13 0.02 0.05 0.12 0.02 0.11 0.17
Er 0.89 0.11 0.14 0.06 0.15 0.05 0.06 0.09 0.06
Tm 0.95 0.15 0.05 0.02 0.08 0.01 0.1 0.04 0.08
Yb 0.88 0.21 0.05 0.05 0.15 0.07 0.09 0.04 0.02
Lu 0.94 0.1 0.04 0.13 0.1 0.03 0.11 0.05 0.03
Hf 0.06 0.68 0.09 0.13 0.12 0.45 0.34 0.22 0.11
U 0.16 0.08 0.06 0.1 0.89 0.07 0.03 0.01 0.04
OC 0.36 0.06 0.06 0.02 0.19 0.75 0.22 0.06 0.11
CaCO3 0.75 0.2 0.13 0.37 0.23 0.28 0.22 0.1 0.15
Ba 0.84 L0.31 0.07 0.11 0.12 0.31 0.1 0.13 0.1
Sr 0.85 0.04 0.08 0.19 0.25 0.25 0.18 0.11 0.2
Cr 0.69 0.37 0.05 0.02 0.36 0.22 0.15 0.21 0.16
Cu 0.75 0.16 0.04 0.06 0.25 0.29 0.19 0.09 0.28
Ni 0.66 0.39 0.15 0.04 0.12 0.21 0.26 0.25 0.22
Cd 0.05 0.1 0.04 0.03 0.71 0.35 0.09 0.28 0.2
Ba/Al 0.78 0.22 0.05 0.17 0.21 0.37 0.18 0.17 0.11
CFb Oorg 0.61 0.05 0.06 0.03 0.07 0.63 0.22 0.04 0.01
Zn 0.65 0.34 0.04 0.01 0.21 0.12 0.24 0.46 0.19
Co 0.63 0.35 0.16 0.08 0.17 0.19 0.19 0.09 0.32
Mn 0.71 0.03 0.11 0.01 0.41 0.18 0.18 0.25 0.27
V 0.24 0.78 0.03 0.13 0.23 0.21 0.08 0.02 0.31
Sc 0.47 0.82 0.02 0.17 0.18 0.06 0.04 0.11 0.06
Ga 0.87 0 0.04 0.06 0.19 0.32 0.18 0.17 0.09
Ge 0.36 0.8 0.24 0.02 0.17 0.19 0.01 0.06 0.11
Mo 0.24 0.23 0.1 0.07 0.33 0.29 0 0.57 0.05
Ag 0.15 0.78 0.07 0.01 0.35 0.04 0.06 0.19 0.02
Sand (wt.%) 2 0.21 0.03 0.96 0.03 0.02 0.03 0.04 0.05 0.04
4 0.21 0.06 0.95 0.03 0.02 0.01 0.02 0.06 0.05
8 0.19 0.08 0.95 0.09 0 0.05 0 0.06 0.03
16 0.15 0.09 0.96 0.09 0 0.06 0.01 0.03 0.02
31 0.09 0.03 0.98 0.04 0.02 0.04 0.02 0.03 0.05
63 0.07 0.12 0.82 0.49 0.05 0.15 0.03 0.02 0.07
wt.% of 63 0.09 0.13 0.79 0.53 0.05 0.16 0.03 0.03 0.08
125 0.1 0.02 0.35 0.85 0.03 0.23 0.01 0.03 0.07
250 0.13 0.08 0.18 0.92 0.01 0.04 0.05 0.03 0.02
wt.% of 250 0.07 0.12 0.82 0.49 0.05 0.15 0.03 0.02 0.07
Eigen value 23.66 9.36 8.24 5.59 3.15 2.64 1.42 1.24 1.06
% of Variance 36.97 14.62 12.87 8.73 4.92 4.13 2.22 1.94 1.66
Cumulative % 36.97 51.58 64.46 73.18 78.11 82.24 84.46 86.4 88.07
Note: Test of signiﬁcance 0.28 @ 95% conﬁdence level, positive factor loadings are indicated by bold values, while negative loadings in bold italics.
K. Avinash et al. / Geoscience Frontiers 6 (2015) 913e925918due to strong southwest monsoon winds (Muraleedharan and
Prasanna Kumar, 1996; Luis and Kawamura, 2004; Jayaram et al.,
2010, 2013). In Factor-1, both TOC and CaCO3 are positively
loaded along with a few major, several trace elements and REEs.Trace elements, such as Fe, Ni, Mn, Cu, Zn and Co are not only
important for primary production, transformation and uptake of
nutrients (as a fraction of these elements will be incorporated into
the biogenic material) by the phytoplankton, but also involved in
Figure 4. Down core distributions of R-mode factor scores of geochemical and particle size data of the core. The horizontal dashed lines denote marine isotope stages (Lisiecki and
Raymo, 2005) and the dotted line demarcates the Toba ash layer (Pattan et al., 2001).
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column (Morel and Price, 2003).
The primary productivity along the western continental margin
of India can be spatially demarcated into three distinct zones
(Prakash Babu et al., 1999): (A) high productivity region in the
offshore water of the southernmost tip of India to south Mangalore
(6300N to 12N), (B) moderately high productivity in the offshore
water between north of Goa and Indus River mouth (15300N to
24N) and (C) a low productivity region in between (A) and (B)
depending upon the quantum of primary production (0.75e1.0,
0.50e0.75 and <0.5 g C/(m2 day), respectively). This trend is re-
ﬂected also in the abundance of organic carbon (Corg), although the
preservation of Corg in these sediments is regulated by the OMZ,
sediment accumulation rate, grain size and clay mineral contents
(with the exceptions of quartz and carbonate contents; Prakash
Babu et al., 1999). Similarly, greater abundances of Globigerina
bulloides (an indicator of upwelling) and other productivity in-
dicators, such as organic carbon, biogenic silica and calciumcarbonate are found in sediments of the southern part than in the
northern part of the western continental margin of India (Naidu
et al., 1992).
Owing to high primary productivity, the water column of the
western continental margin of India is marked also by the severe
depletion of dissolved oxygen (Calvert et al., 1995; Naqvi et al.,
2000), particularly in the intermediate depth in the water column
(200e800 m; Calvert et al., 1995). In the southeastern Arabian Sea,
the oxygen-minimum zone (OMZ; O2 < 0.5 mL/L) occurs between
100 and 1500 m water depth (Wyrtki, 1971; Sen Gupta and Naqvi,
1984; Calvert et al., 1995; Ingole et al., 2010; Taylor and Gooday,
2014). Therefore, it implies that the upwelled water during south-
west monsoon is not only enriched with nutrients,
(Muraleedharan and Prasanna Kumar, 1996; Jayaram et al., 2010,
2013), but also with several re-mobilized trace elements,
including REEs from the deeper water column of the Arabian Sea
(German and Elderﬁeld, 1990). Several studies carried out on
Arabian Sea water column show that a signiﬁcant enrichment of
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ygen depleted waters (Saager et al., 1989, 1992; Measures and Vink,
1999; Lewis and Luther, 2000; Moffett et al., 2007).
Generally, the upwelled waters are enriched with nutrients and
several trace elements, including REEs not only because of remi-
neralization/bacterial decay of biogenic matter, but also due to re-
mobilization of trace elements from the particulate phase that
takes place in the sub-surface oxygen depleted water and in the
deposited sediments below (German and Elderﬁeld, 1990; Pailler
et al., 2002; Böning et al., 2004, 2009). Sirocko et al. (2000) found
that Mo enrichment is related to an increase in organic matter in
the southwestern continental margin sediments of India. Similarly,
van der Weijden (2002) reported an association of V, Ni, Cu, Zn, Se,
Mo, Cd, Re and U with organic carbon, and an inverse relationship
with Mn and Co in sediments deposited in the Northern Arabian
Sea, particularly during the high insolation (interglacial) periods. A
similar association of elements occurs in sediments of the deep
Arabian Sea (Sirocko et al., 2000), suggesting that these elements
are removed from the water column and added to the sedimentary
phase (Leuschner et al., 2004). This is further supported by the
ﬁnding that about 30e40% of most the above mentioned elements,
including REEs, resided in the non-lithogenic fraction of the deep
Arabian Sea sediments (Sirocko et al., 2000; Leuschner et al., 2004).
There are quite a few geochemical studies that indicate that the
trace elements such as Ni, Cu, Cd and Zn are positively loaded on
factor-1. This factor has afﬁnity with biogenic components like Ba,
Sr, and organic carbon in marine sediment; therefore, such trace
elements can be used as proxies for determining paleoproductivity
(Böning et al., 2004; Nameroff et al., 2004; Dean et al., 2006;
Tribovillard et al., 2006).
The ﬁndings of this paper are not only based on geochemical
and sedimentological parameters of an AMS radiocarbon-dated
sediment core, but also a compilation of information on paleo-
productivity along the western continental margin of India. For
instance, Kessarkar et al. (2010) used organic carbon, total and ni-
trogen isotopes and calcium carbonate as paleoproductivity proxies
to understand the variation of convective mixing in the south-
eastern Arabian Sea over the past 70 ka. Ishfaq et al. (2013) deter-
mined ﬂuxes of CaCO3, organic carbon (Corg) and barium biogenic
(Babio) together with Al, Fe, Mg, Ti, Cr, Cu, Zn, and V from a sediment
core (off Goa) spanning 100 ka. They found increased primary
productivity during glacial periods linked to shoaling of nutricline
in the water column as a result of the stronger winter monsoon. In
addition, information available from microfauna, stable isotopes of
oxygen and nitrogen, and computation of paleoproductivity from
modelling and application of transfer function have been discussed
along with the impact of the Atlantic overturning circulation to
understand the regional variations in paleoproductivity. The details
of these investigations are given below (Sarkar et al., 1993, 2000;
Cayre and Bard, 1999; Cayre et al., 1999; Thamban et al., 2001;
Pattan et al., 2001, 2003, 2005, 2009; Ivanova et al., 2003;
Banakar et al., 2005; Guptha et al., 2005; Verma and Sudhakar,
2006; Singh et al., 2006, 2011; Kessarkar and Rao, 2007;
Schmittner et al., 2007; Narayana et al., 2009; Kessarkar et al.,
2010; Das et al., 2013; Ishfaq et al., 2013; Naidu et al., 2014).
As the abundance of planktic foraminifera in the oceans de-
pends primarily on the primary productivity (Hemleben et al.,
1989; Singh et al., 2006), the distribution of foraminiferal species
in radiosiotopically dated cores provides clues to understand the
variations in paleoproductivity (Cayre and Bard, 1999; Cayre et al.,
1999; Ivanova et al., 2003; Singh et al., 2006, 2011; Naidu et al.,
2014). Ivanova et al. (2003) utilized the data on the current pro-
ductivity variations of the Arabian Sea, applied principal compo-
nent analysis and transfer function to the planktic foraminiferal
assemblages of sediment cores to determine paleoproductivityvariations at three regions of the Arabian Sea over the past 135 ka:
(i) mesotrophic region in the northern part, (ii) comparatively
weaker eutrophic region in the western part (off Oman) and (iii)
oligotrophic region in the north eastern part. They determined that
the paleoproductivity in the former two regions has been consid-
erably higher during interglacial than that during glacials
(250e320 and 210e270 g C/(m2 year), respectively) due to the
intensiﬁcation of ﬁlaments generated off Oman by coastal up-
welling and strengthening of the Findlater Jet by open ocean up-
welling linked to the robustness of the summer monsoon. On the
contrary, the paleoproductivity in the latter location has been
higher during glacial than interglacial periods (250 and
140e180 g C/(m2 year), respectively) owing to the supply of nu-
trients from deep mixing of surface water due to the intensiﬁcation
of the winter monsoon. Singh et al. (2006) dated the sediment core
off Goa by AMS radiocarbon, measured the oxygen isotope, organic
carbon (Corg) and microfossils (Globorotalia menardii, Globigerina
bulloides, Globigerina ruber and pteropods) to reconstruct with high
resolution the paleoproductivity over the past 30 ka. They found
that the productivity was reduced considerably during the Heinrich
Events, Younger Dryas (YD) as well as during the termination from
glacial to the Holocene as compared to that during the Holocene as
a result of weakened southwest monsoon. However, the primary
productivity reduced considerably along the continental margin of
India during the stadial phases of the glacial period as a conse-
quence of the increased input of Antarctic intermediate water in to
the Arabian Sea (AAIW; Naidu et al., 2014). This also ventilated the
oxygen-minimum zone in the Arabian Sea thereby enhancing the
preservation of pteropods, particularly during the Heinrich events
(Jung et al., 2009; Naidu et al., 2014). Cayre and Bard (1999) found
that the primary productivity (PP) was considerably higher during
last glacial (450e100e200 g C/(m2 year)) as a result of stronger
wind-induced mixing as compared to the Holocene on the basis of
measurements of planktonic foraminifera and alkenones paleo-
thermometers of a sediment collected off the southwestern conti-
nental margin of India. Further, Cayre et al. (1999) explained that
the annual PP in the proximity of the southwestern part off India,
particularly in the Equatorial Indian Ocean increased as much as
85% from interglacials to interstadial as a result of strengthening of
zonal winds that have implications to the southern oscillation
phenomenon. Singh et al. (2011) extended their high resolution
study off Goa to 80 ka and found that the productivity collapsed,
particularly during the stadial phases of the last glacial period due
to weakening of both summer and winter monsoons. They
emphasized that the productivity was considerably higher during
the interstadial phases of the glacial period owing to the stronger
winter monsoon. The overturned circulation had implications on
the paleoproductivity of the Arabian Sea (Naidu et al., 2014). This
circulation seemed to have been decreased nutrient supply to the
upper water of Indo-Paciﬁc oceans, thereby reducing the primary
productivity, thickness of the oxygen minimum zone and denitri-
ﬁcation rates during the cold phases of the last glacial period
(Schmittner et al., 2007).
Another factor that induces primary productivity is the inter-
tropical convergent zone (ITCZ). The ITCZ is a linear band of mix-
ing zone of air masses originated from the northern and southern
tropical zones, often marked by thick bands of clouds yielding
intense rainfall (Gadgil, 2003; Ivanochko et al., 2005; Saher et al.,
2007). This zone migrates north to a maximum extent over South
Asia (w30N) during the summer monsoon, however, returns
southward below the equatorial zone off India during the winter
monsoon (w10S; Gadgil, 2003; Saher et al., 2007; Anand et al.,
2008). By using this analogy, the paleo-intensity of the ITCZ over
the terrestrial and oceanic domains can be determined by
measuring proxies like d18O preserved in speleothems and the
Figure 6. Downcore distribution of Ba (dotted line) and Babio (straight line) in the core
SK221/05 of the study area.
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2005; Fleitmann et al., 2007). In addition, d15N and Ba/Al in the
marine sediment core (Ivanochko et al., 2005) used as proxies for
determining the strength of the ITCZ. In our study, barium
(biogenic) is used as a proxy to determine the intensity of upwelling
induced by the summer monsoon winds. The biogenic barium
(Babio) of the core studied here indicates that the ITCZ was inten-
siﬁed, particularly during the MIS-1, but weakened during the MIS-
2 to MIS-4. However, this has not affected the major part of the
western continental margin where the productivity has been
regulated principally by the winter monsoon (Singh et al., 2006,
2011; Kessarkar and Rao, 2007; Kessarkar et al., 2010; Ishfaq
et al., 2013). This demonstrates the greater efﬁciency of the conti-
nental margin of India in sequestering greenhouse gases, in
particular CO2, during glacial periods compared to interglacial ones.
This trend is in agreement with the global cooling during glacial
stages rather than inter glacials (Sigman and Boyle, 2000).
The down-core distribution of factor scores shows a consider-
able variation with the time elapsed during the sedimentation
(Fig. 4). The TOC content in the core widely ﬂuctuate with higher
content in the MIS-4 section, transition between MIS-4 and MIS-3,
to some extent MIS-2 and tends to increase in the Holocene (Fig. 2).
The TOC distribution in the core studied is quite similar to the
organic carbon, with the exception of a considerable enrichment
during MIS-4 and MIS-2 sections (Corg) of the core SK 129-CR05
near the area of investigation (Fig. 1; Pattan et al., 2003). The factor-
1 scores are generally negative, although they ﬂuctuate fromMIS-4
to MIS-2. In contrast, they are positive particularly during the MIS-
1, suggesting intensiﬁed upwelling during the Holocene.
CaCO3 and biogenic Ba (Babio) are often used as paleo-
productivity indicators, particularly in sediment deposited below
the OMZ owing to the rapid decay of organic carbon during the
sedimentation processes (Dymond et al., 1992; Gingele et al., 1999;
Rühlemann et al., 1999). Although the correlation of TOC with Ba
and Babio (Gingele et al., 1999; Pattan et al., 2003) are statistically
signiﬁcant at the 1% level (Fig. 5), the scatter distribution suggests
that the decay of organic carbon occurred during the course of
sedimentation. The down-core distribution of CaCO3 is similar to
that of Factor-1 scores (Figs. 2 and 4). Similarly, the Ba and Babio
(Gingele et al., 1999; Pattan et al., 2003) proﬁles of the core studied
(Fig. 6) show that they have been lower during most of the glacial
stages (MIS-4 to MIS-2) than that during the MIS-1. This interpre-
tation is supported by the abundance of organic carbon in sedimentFigure 5. Relationship among Ba (circles) and Babio (triangles) in the core SK221/05 of
the study area.deposited during MIS-1 compared with MIS-2 and MIS-3 near the
study area (SK-221, 2188 m water depth; Das et al., 2013; Fig. 1).
Another core collected near the area of investigation suggests a
signiﬁcant increase of biogenic components (CaCO3, biogenic opal,
Ba and Babio) in sediment deposited during MIS-1, 3 and 5 sections
when compared to MIS-2, MIS-4 and MIS-6 (Pattan et al., 2003;
Fig. 1). The main discrepancy from our study is that Pattan et al.
(2003) have not recalculated Babio on c.f.b.
In contrast to the area of investigation, the paleoproductivity in
major parts of the western continental margin derived from sedi-
ment cores below the current OMZ have been found to be higher
during the glacial cycles as compared to the interglacial one (MIS-1;
Sarkar et al., 1993; Thamban et al., 2001; Banakar et al., 2005;
Guptha et al., 2005; Kessarkar and Rao, 2007; Kessarkar and Rao,
2007; Kessarkar et al., 2010; Singh et al., 2011; Ishfaq et al., 2013).
This has been attributed to regional differences in sediment accu-
mulation rates, dilution and preservation of organicmatter (Guptha
et al., 2005). More recently, increased productivity during glacial
periods has been attributed to a stronger winter monsoon that
intensiﬁes convection in the water column in supplying nutrients
to the surface water (Madhupratap et al., 1996; Kessarkar and Rao,
2007; Kessarkar et al., 2010; Ishfaq et al., 2013).
3.2. Factor-2
Factor-2 is positively loaded on Fe, Ti, Rb, Mg, Nb, Be, Li, Cs, La, Pr,
Nd, Sm, Gd, and Tb, moderately loaded on Cu, An and Co, and
negatively loaded on Al, W and Bi. The association of REEs with
major elements listed above suggests their association with
terrigenous sediment. This is the principal factor identiﬁed in ma-
rine sediment of the Arabian Sea (Sirocko et al., 2000; Leuschner
et al., 2004). Although the REE loadings are considerably higher
in Factor-1, their moderate loadings, especially of the light rare
earth elements on this factor, suggest that these elements are
principally transported along with the terrigenous sediment by the
rivers in southwestern India. Sirocko et al. (2000) identiﬁed lobes of
high sediment accumulation that are associated with several major
and trace elements in sediments along the southwestern conti-
nental margin of India.
The down core distribution of Factor-2 scores indicate that the
terrigenous sediment ﬂux increased to a maximum extent during
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3 and MIS-1, and between MIS-3 and MIS-2. Despite increased
terrigenous ﬂux, the paleoproductivity was found to have been
lower duringMIS-2. This corresponds to the weakened phase the of
southwest monsoon that has been recorded during glacial periods
(Prell et al., 1980; Duplessy, 1982). However, this ﬁnding is in
contrast to high productivity sequences identiﬁed in sediments
along the northern part of the area during glacial periods, partic-
ularly during the LGM (Guptha et al., 2005; Kessarkar and Rao,
2007; Kessarkar et al., 2010; Ishfaq et al., 2013). This has been
attributed to shoaling of nutricline in the seawater column as a
result of the intensiﬁcation of northeast monsoon winds that not
only increased convection in the water column, but also enhanced
terrigenous sedimentation (Madhupratap et al., 1996; Kessarkar
and Rao, 2007; Kessarkar et al., 2010; Ishfaq et al., 2013).
3.3. Factor-3
The Factor-3 has statistically positive loadings for most particle
size fractions, but negative loadings on the 250 micron size fraction
of the sediment. Other variables are either positively or negatively
loaded. Because it is positively loaded with lithogenic associated
elements like Fe, Zr, Pb, Th, Ni and Co, this factor can also be
identiﬁed as the heavy mineral fraction of terrigenous sediment.
Occurrences of placer minerals, such as ilmenite, rutile, zircon,
monazite garnets, etc., have been reported from rivers, beaches,
and the continental margin along western India (Rao and Wagle,
1997). The elements associated with this factor suggest that the
transport of sediment containing heavy minerals transported from
southwestern India to the core site occurred during high energy
conditions. The distribution of Factor-3 scores ﬂuctuate over the
time span of the core; however a peak during MIS-3 implies a
pulsed input of sediment. Akaram et al. (2015) have measured
heavy mineral assemblages in the gravity sediment core (SK-221)
collected near the area of investigation at 2188 m water depth
spanning the last 32 ka. They found that heavy minerals such as
ilmenite, garnet, staurolite, pyroxenes, andalusite and zircon in the
sediment have been derived from the abundant gneisses/granites,
high grademetamorphic rocks and sandstone found inwestern and
southwestern India. The minerals along with magnetic suscepti-
bility (MS) and Corg are considerably higher in the Holocene section,
suggesting increased weathering, erosion, transportation and
deposition of sediment occurred during the Holocene as a result of
the intensiﬁcation of the southwest monsoon.
3.4. Factor-4
Titanium, CaCO3, and coarse grain fractions (particles >250 mm)
are positively loaded, while Al, Y, Bi, and Th negatively loaded in
Factor-4. Therefore, this factor is diagnosed as the component
containing the coarse fraction of terrigenous sediment, carbonate
fragments, and heavy minerals such as ilmenite (Ti being positively
loaded). This factor resembles Factor-3. Pattan et al. (2003) also
found that an increased carbonate sediment fraction tends to be
correlated with an increased coarse sediment fraction. The down-
core distribution of Factor-4 score ﬂuctuates, notably being very
low during MIS-3, and in general quite low from MIS-5 to MIS-1.
3.5. Factor-5
Factor-5 has high positive loadings on U, Cd, Al, Tl, Pb, Bi, Th and
Ag, but negative loadings on Cr, Mn and Mo. Since U tends to be
enriched in anoxic environment, and has a negative relationship
with diagenetic/redox elements such as Mn, factor-5 has been
identiﬁed as a diagenetic fraction of sediment. Tribovillard et al.(2006) compiled the applications of trace elements as proxies for
the reconstruction of paleoproductivity and paleoredox conditions.
Trace metals such as U, V and Mo, and to some extent Cr and Co
tend to be enriched under reducing conditions in the sedimentary
column. The Factor-5 scores are particularly high during the tran-
sition between MIS-5 to MIS-4, and subsequently ﬂuctuate and
progressively became lower in the upper part of the core. This
suggests that an increase in oxygenation occurred, particularly
since MIS-2.
3.6. Factor-6
Factor-6, has been positively loaded on TOC, CaCO3, Ba, Cu, Cd,
Ga andMo, while Al, Bi, Th and Hf, are negatively loaded. Therefore,
Factor-6 can be identiﬁed as the biogenic component of the sedi-
ment. This factor has an inverse relationship with terrigenous
associated sediment. It therefore represents a marine biogenic
factor. The downcore distribution of Factor-6 scores suggest that an
increase of this component during the MIS-1, and to some extent
during MIS-2.
3.7. Factor-7
The Factor-7 has highly positive loadings for Ce and Hf, and
negative for Al, Zr, Ta, W, and Bi. The latter group of elements
represents the terrigenous sediment along with heavy mineral
zircon source (Sirocko et al., 2000). The down core distributions of
Factor-7 scores ﬂuctuate, however they peak during MIS-4 and
from the transition from MIS-3 to MIS-2, before decreasing during
MIS-1.
3.8. Factor-8
Factor-8 has positive loadings for Pb, Cd, Zn and Mo, and sta-
tistically insigniﬁcant positive loadings for Ni. Based on these as-
sociations, Factor-8 can be identiﬁed as biogenic detritus that is
derived from the sinking of biogenic matter and its partial degra-
dation in the sub-surface water column (Böning et al., 2004;
Tribovillard et al., 2006). Therefore, this factor serves as a proxy
for paleoproductivity (Böning et al., 2004; Nameroff et al., 2004;
Dean et al., 2006; Tribovillard et al., 2006). The distribution of
Factor-8 scores suggest that this factor is quite similar to Factor-1.
The export of bio-detritus is common in upwelling areas such as the
eastern equatorial Paciﬁc Ocean. The signiﬁcant positive loading of
Mo suggests a strong reducing condition of deposition that is quite
obvious in high productivity conditions.
3.9. Factor-9
Factor-9 has positive loadings on Cu, Co and V, but negative on
Th. The positively loaded elements tend to be enriched under
sulphate-reducing conditions (Tribovillard et al., 2006). However,
moderate loading of V and statistically insigniﬁcant loading of Mo
indicates a non-sulﬁdic environment of sediment deposition. This
factor has been identiﬁed as the reducing component of the sedi-
ment. The distribution of Factor-9 scores ﬂuctuate very widely
throughout the core with a peak during the transition from MIS-5
to MIS-4, MIS-4 to MIS-3, and MIS-2 to MIS-1, indicating pulsed
reducing condition during the transition periods.
4. Conclusions
Based on the measurements of as many as 60 paleoclimate
proxies in an AMS radiocarbon dated sediment core from the
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summarized along with the following conclusions:
The sediment accumulation rate varied widely from as low as
0.39 to a maximum of 7.3 cm/ka with an average of 3.00 cm/ka. R-
mode factor analysis of the complex data indicates that there are
nine factors controlling the variance of the data. In order of relative
importance, the factors can be listed as: paleoproductivity and
other related components, terrigenous sediments with heavy
mineral associations, and the diagenetic and reducing conditions of
the sediment.
The most important factor identiﬁed is the paleoproductivity
induced by upwelling from strong southwest monsoon winds. The
down-core distribution of Factor-1 scores indicates that upwelling
has been intense only since the Holocene (MIS-1) since the last
glacial cycle. However, this has been unlikely along the north of the
study area where the northeast monsoon winds enhanced pro-
ductivity as a result of convective mixing particularly during the
glacial cycle. The second factor is identiﬁed as the terrigenous
sediment principally transported from rivers draining along the
southwestern coast of India. The terrigenous sediment input was
higher during the MIS-2 and to some extent during the transition
between MIS-3 and MIS-1 with MIS-2 as a result of lowered sea-
level. The third factor has been identiﬁed as the heavy mineral
fraction of terrigenous sediment. The ﬂux of this factor peaked
during MIS-3. Factor-4 is similar to that of Factor-3, but associated
with the coarse fraction of terrigenous sediment including heavy
minerals like ilmenite. The input of this component decreased from
MIS-5, with a marked low during MIS-3. Factor-5 is recognized as
the diagenetic fraction of sediment. This fraction appeared to have
been higher during the transition between MIS-5 to MIS-4, and
progressively became lower particularly since the MIS-2, implying
an oxidation of the bottom water since the Holocene. Factor-6 has
been identiﬁed as the marine biogenic component of sediment
which has an inverse relationship with the terrigenous sediment.
This component is similar to the Factor-1, and its input increased
from MIS-2 to MIS-1. Factor-7 has been identiﬁed as terrigenous
sediment with zircon as a heavy mineral component. The input of
this fraction peaked during MIS-4 and the transition from MIS-3 to
MIS-2, but decreased during MIS-1. Factor-8 has been identiﬁed as
the biogenic detritus of the sediment component that derived from
the enhanced primary productivity. Like Factor-1 and Factor-6, this
factor score increased during MIS-1, implying the enhanced depo-
sition of bio-detritus. Factor-9 has been identiﬁed as a reducing
environment of deposition that intensiﬁed during the transition
from MIS-5 to MIS-4, MIS-4 to MIS-3 and MIS-2 to MIS-1.
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